In many developing countries, arid and semiarid ecosystems suffer from serious environmental degradation and biodiversity impoverishment. Climatic changes and human activities have resulted in deforestation, overgrazing, soil erosion, loss of fertility, and a predisposition to periodic drought and famine. One key genus of these threatened arid ecosystems is Prosopis (Leguminosae , Mimosoideae), with several species in many Latin American countries representing, both ecologically and economically ideal, multipurpose trees.
Prosopis planting programs are currently based on phenotypically selected, plus trees from natural stands ( Akindele and Olutayo, 2007 ) . However, phenotypic selection might yield nonsignifi cant results if the additive genetic component ( V A ) of phenotypic variance ( V P ) is low. Estimating the heritability ( h 2 = V A / V P ) of selectable traits is traditionally based on sib analysis or parent -offspring regression. These approaches are diffi cult to implement when generation intervals are long and genealogical information is absent, as is the case for forest tree natural populations. In addition, in Prosopis , controlled crosses are diffi cult to practice because of the small size and high number of fl owers per infl orescence. Consequently, little is known about the genetic components of quantitative variation of desirable traits in these species. For most purposes, selected plus trees of Prosopis were sampled from wild populations ( Verga, 2000 ; where pedigrees are frequently unknown. Usually plus trees must be healthy, mature, or old trees of " good shape " (straight and nonbranched trunk) and well developed . It is assumed that all plus trees are genetically unrelated but, in forest trees, deviations from this assumption lead to greater inbreeding and loss of genetic gain ( Thomas et al., 2002 ) .
With information about the relationships between individuals within a population, heritability may be estimated by comparing the phenotypic variation within and between family groups. Traditionally, relationships are calculated from pedigree records ( Jacquard, 1974 ; Cannings and Thompson, 1981 ) . However, recent theoretical advancements based on DNA profi ling techniques have been proposed to estimate relatedness ( r ) among individuals without pedigree information ( Morton et al., 1971 ; Lynch, 1988 ; Queller and Goodnight, 1989 ; Ritland, 1996a ; Lynch and Ritland, 1999 ; Wang, 2002 ; Milligan, 2003 ) . Thus, marker-inferred relatedness provides a valuable resource for further inference of genetic parameters, namely heritability of quantitative traits, in natural populations ( Ritland, 1996a, b ; Ritland and Ritland, 1996 ; Mousseau et al., 1998 ; Thomas et al., 2000 Thomas et al., , 2002 Klaper et al., 2001 ) . These in situ inferences have proven their utility in simple natural layouts, where family structure was known (e.g., nonoverlapping generations, population consisting of nonrelated, full sib, and half-sib individuals) ( Thomas et al., 2002 ; Wilson et al., 2003 ) . Prosopis represents a valuable forest resource in arid and semiarid regions. Management of promising species requires information about genetic parameters, mainly the heritability ( h 2 ) of quantitative profi table traits. This parameter is traditionally estimated from progeny tests or half-sib analysis conducted in experimental stands. Such an approach estimates h 2 from the ratio of betweenfamily/total phenotypic variance. These analyses are diffi cult to apply to natural populations of species with a long life cycle, overlapping generations, and a mixed mating system, without genealogical information. A promising alternative is the use of molecular marker information to infer relatedness between individuals and to estimate h 2 from the regression of phenotypic similarity on inferred relatedness. In the current study we compared h 2 of 13 quantitative traits estimated by these two methods in an experimental stand of P. alba , where genealogical information was available. We inferred pairwise relatedness by Ritland ' s method using six microsatellite loci. Relatedness and heritability estimates from molecular information were highly correlated to the values obtained from genealogical data. Although Ritland ' s method yields lower h 2 estimates and tends to overestimate genetic correlations between traits, this approach is useful to predict the expected relative gain of different quantitative traits under selection without genealogical information.
In certain conditions, marker-based inferences may be the only method available to obtain results within reasonable time and effort, especially when dealing with forest tree species characterized by costly experimental layouts and lengthy maturations. However, these marker-based inference methodologies have several shortcomings: (1) the estimation of relationship is indirect; (2) coeffi cients of relatedness ( r ) do not provide enough information to fully reconstruct a genealogy (i.e., parent -offspring and full sib relationships are mixed up); (3) precision and accuracy of different relatedness estimators are affected by allele frequencies and departures from linkage equilibrium; (4) variance of r tends to be low in naturally outbreeding tree species; and (5) variation of r must be uncorrelated with variation at quantitative trait loci (QTL) ( Ritland, 1996b ) .
The availability of some experimental stands of Prosopis species with a family layout gives the opportunity to test the quality of the inference provided by marker-based methodology that might be used in future estimations of genetic parameters in natural populations without any genealogical information.
The objectives of the present paper were to compare the estimates of relatedness inferred using molecular markers with those based on family records and the estimates of heritabilities inferred from molecular markers with those obtained from classical quantitative methods based on pedigreed data. To properly test the suitability of the marker-based method to estimate heritability, we chose 13 traits involving leaf morphology, spine length, and tree biomass with the expectation of covering a large range of heritability values. The validity of using genetic markers instead of genealogy information for heritability estimations in natural stands where pedigrees are unknown is discussed.
MATERIALS AND METHODS
Study population -Prosopis alba is an important nitrogen-fi xing tree adapted to the semiarid regions of northwestern Argentina. The population analyzed was a progeny trial established in 1990, 10 km from Santiago del Estero, Argentina (27 ° 45 ′ S; 64 ° 15 ′ W) ( Felker et al., 2001 ). This trial was established from seeds collected from 57 individual trees (half sib families) from eight northwestern Argentine sites (A ñ atuya, Castelli, Gato Colorado, Ibarreta, Pinto, Quimili, Rio Dulce Irrigation district, and Sumampa). The experimental design was a randomized complete block comprising 57 families, seven replicates, and four trees per replicate (with a 4 × 4 m spacing). The total planting material was 1596 individual trees, of which 1289 still survived in 1999. For the last 10 years, this stand was affected by natural conditions without any silvicultural care. For this study, we sampled 142 individuals belonging to 32 different families that had kept their original identifi cation label. The number of trees per family varied between 3 and 12.
Morphometric data -Three biomass traits and 10 leaf morphology traits were analyzed. Height (HEI) and trunk diameter (TDI) (basal diameter at 20 cm above the ground) were scored in the fi eld. Biomass (BMS) of each tree was estimated using the regression equation BMS = log wt = 2.7027 ⋅ log TDI − 1.1085 (Felker et al., 1989) , where log wt is the logarithm of fresh weight (kg) and log TDI is the logarithm of TDI (cm).
These biomass characters were chosen because they are important for selective programs and the measurement is relatively simple and nondestructive. The morphological traits, measured on herbarium specimens, were petiole length (PEL), number of pairs of leafl ets per pinna (NLP), pinna length (PIL), spine length (SPL), number of pinnae (NPI), leafl et length (LEL), leafl et length/ width (LEL/LEW), leafl et falcate (LEF), leafl et apex (LEX), and leafl et apex/ total area (LEX/LEA). Falcate is defi ned as the ratio l / f , where l is the length of a right segment from the base to the tip of the leafl et, and f is the length from the same point but following the curve line that runs along the middle of the leafl et ( Fig. 1A ) . Leafl et apex (LEX) is the ratio t / s , where t is the area of the upper leafl et third and s is the area of a rectangle with the same dimensions (width and 
RESULTS
Microsatellites -The loci analyzed showed between three to seven active alleles. In four of six loci, individuals without any band were observed thus indicating the presence of null alleles. Furthermore, signifi cant heterozygote defi ciency was observed, which could also be attributable to the presence of null alleles. Allelic frequencies were estimated taking into account possible bias from the presence of null alleles ( Table 1 ) . Expected heterozygosity varied among loci between 0.20 and 0.76. F IS estimates were positive and highly signifi cant in four of the six loci analyzed.
Of 15 pairwise combinations of loci, four showed signifi cant or highly signifi cant gametic disequilibrium ( Table 2 ) , two of them were matrixwide signifi cant after applying Bonferroni ' s correction.
Relatedness estimates -Two pairwise relatedness matrices were obtained. The fi rst one represented genealogical information, and its elements had three alternative values: r = 1 for individuals with themselves, r = 0.25 for different individuals of the same half sib family, and r = 0 for individuals from different families. The second matrix was obtained by Ritland ' s method from molecular marker data.
The correlation between these matrices ( r = 0.17, excluding the relatedness of each individual with itself, or r = 0.56, including the diagonal with these data) was highly signifi cant according to Mantel test ( P = 0, based on 10 000 permutations).
Quantitative traits -All genotyped individuals were measured for all quantitative traits ( Table 3 ). In almost all cases the within-family component of variance was higher than the between-family component. The differences among families evaluated through the Fisher ( F ) statistics as F = MS b /MS w (between mean square on within mean square) were signifi cant or highly signifi cant in all cases.
Assuming that families were composed of half sibs, heritability estimates were obtained for each trait by the conventional quantitative approach ( Table 4 , col. 1). Heritability estimates were signifi cant or highly signifi cant for all traits. The confidence limits are rather symmetrical ( Table 4 ) ; the standard errors of estimated h 2 (calculated according to Lynch and Walsh, 1998 , p. 568) were similar for all traits (0.35 ± 0.01) and were not correlated ( r = − 0.27, P = 0.38) with h 2 values. In several cases, h 2 was higher than 1, which could be attributable to actual within-family relatedness higher than expected, with the presence in the cohort of some full sibs and selfs and/or to geographical association within fraternal groups.
For spines and leaf traits, where we had several measurements for each individual, we estimated the components of phenotypic variance between families, between individuals within families, between different canopy regions within individuals, and the residual. The percentage of variance between families and between individuals within families was similar, averaging ≈ 20% each of the total variance. The highest component was the residual ( ≈ 50%), while the minimum variance component corresponded to different canopy regions/individuals ( ≈ 10%).
Heritabilities estimated by the regression method from pedigree-based relatedness yielded results consistent with the ANOVA-based estimates ( Table 4 ) , although the former estimates were smaller. According to the permutation test for these regression estimates, heritability was nonsignifi cant for SPL, signifi cant for HEI and BMS, and highly signifi cant for all the Heritability and relatedness -Heritabilities were estimated by three methods. Method 1 was a conventional analysis of variance (ANOVA), assuming that the sampled individuals represent different groups of half sib families. In this case, we used an unbalanced generalized linear model (GLM), y ij = µ + f i + e j , where y ij is an observation of the trait for an individual tree of family i in the environment j , μ is the overall mean, f i represents random family effects, and e j is the random residual error. Block effects could not be included because in the surviving stand several families were present in single blocks. Variance components were estimated by restricted maximum likelihood (REML). For a half sib design, heritabilities were estimated as h 2 = 4 σ b 2 ÷ ( σ b 2 + σ 2 w ), where σ b 2 denotes the estimated variance between families and σ w 2 is the within-family variance component. Heritabilities were considered signifi cant whenever the ANOVA yielded signifi cant differences among families. Confi dence intervals for h 2 estimations were obtained following Lynch and Walsh (1998 , p. 563) .
Methods 2 and 3 were based on a linear model, where narrow-sense heritability ( h 2 ) is estimated by regressing pairwise phenotypic similarity ( Z ij ) on pairwise relatedness ( r ij ) ( Ritland, 1996a ) . According to this model,
where Act var( r ij ) is the actual variance of relatedness, as in Ritland (2000) , and phenotypic correlation ( Z ij ) between individuals i and j given by:
where Y gives the individual trait value, and U and V are, respectively, the corresponding mean and variance of the sample. In method 2, within-family relatedness ( r ij ) was assumed to be 0.25, as expected from a cohort of half sib siblings, and between-family relatedness zero as expected from unrelated families. In method 3, however, r ij estimates were based on Ritland ' s (1996a) 
where n is the number of alleles, δ rt is 0 if A r ≠ A t or δ rt is 1 if A r = A t , p r is the frequency of the allele A r in the population as estimated from the sample and so on. For multiple locus estimates, r ij corresponds to the sum of locus-specifi c estimates, each weighted by ( n − 1) ( Ritland and Travis, 2004 ) .
Pairwise Ritland relatedness estimates were computed using HERINAT, a Visual Fortran program designed ad hoc (available from author, leopoldo. sanchez@orleans.inra.fr).
The signifi cance of heritability estimates based on the regression models 2 and 3 were obtained by a Mantel permutation test between the matrix of phenotypic similarities ( Z ij ) and the matrix of estimated relatedness ( r ij ). Confi dence intervals for heritability estimates obtained from molecular marker inferred relatedness were obtained empirically from 100 bootstrapped pseudoreplicates of the original data over individuals. Standard errors of h 2 were estimated using eq. 3 in Ritland (1996b) .
The reliability of the regression models was tested by Spearman rank correlation and regression analysis of heritability estimates by methods 2 and 3 on the estimates based on the unbalanced ANOVA of method 1.
Genetic correlations between traits were estimated by two methods. The fi rst was based on the correlation between trait family averages as suggested in Lynch and Walsh (1998) . The second one is based on a linear model for the covariance between traits ( Ritland, 1996b ) , where ν A12 is the additive covariance between the two traits and ν A1 and ν A2 the corresponding genetic variances. The sign of the genetic correlation obtained from this method should be the same as the genetic covariance ( ν A12 ), since the denominator is positive by defi nition. In cases where heritability estimates were negative, the denominator cannot be solved and the genetic correlation was considered as unavailable information. Analysis of variance, regressions and Mantel tests were conducted using the packages nlme , lmer , and ape of program R (R Development Core Team, 2007).
Genetic correlations -Of 78 pairwise estimates of genetic correlations obtained from family trait averages, 26 were signifi cant or highly signifi cant ( Table 5 ) . After a sequential Bonferroni ' s test, six of them were matrixwide signifi cant and eight were matrixwide highly signifi cant. More than half of the correlations between leaf traits (19/36) were signifi cant or highly signifi cant. The linear model based on estimated relatedness allowed estimation of the genetic correlations for 36 trait pairs, whereas the remaining 42 cases involved traits with negative heritability estimates. The estimates of genetic correlations obtained from this method are in general higher (in absolute values) than those obtained from the former (Student ' s test for paired samples: t = 4.91; P = 2 × 10 − 5 ), and in many cases (13/36) Ritland ' s estimates were outside the range 1 to − 1. DISCUSSION Different molecular marker-based methods for quantitative genetic analyses have been developed to provide a means for examining genetic variation in natural populations ( Lynch, 1988 ; Queller and Goodnight, 1989 ; Ritland, 1996a ; Mousseau et al ., 1998 ; Lynch and Ritland, 1999 ; Wang, 2002 ; Milligan, 2003 ; Hardy, 2003 ; Garant and Kuruuk , 2005 ; Ritland, 2005 ) . A relatively simple approximation is based on the estimation of pairwise relatedness using genetic markers ( Lynch, 1988 ; Queller and Goodnight, 1989 ; Li et al., 1993 ; Ritland, 1996a ; Lynch and Ritland, 1999 ; Wang, 2002 ; Hardy, 2003 ; Milligan, 2003 ) . In long-lived plants with mixed mating systems such as forest tree species, where pedigrees are complex, pairwise-based analyses have the advantage over other approaches in that they can incorporate variable levels of relatedness ( Ritland and Ritland, 1996 ; Andrew et al., 2005 ) .
Prosopis alba , a promising forest species native to central Argentina, is a valuable natural resource in arid and semiarid regions. The success of selection programs to improve quantitative traits of economic importance depends on the extent of additive genetic variance. However, information about the genetic basis of quantitative variation in natural populations of species of Prosopis is still scarce ( Cony, 1996 ; Felker et al., 2001 ) . Previous studies of mating system and genetic structure have shown a mixed mating system in a natural population of P. alba , with about 28% of selfi ng ( Bessega et al., 2000 ) . Accordingly, most natural populations of P. alba have signifi cant homozygote excess ( Ferreyra et al., 2007 ) . other characters. As with the ANOVA approach, this method also yielded h 2 estimates higher than unity.
Marker-based relatedness yielded estimates of h 2 that were lower than the values obtained from any of the two former methods ( Table 4 ) . Only six marker-based estimates were signifi cant or highly signifi cant, and three were of borderline signifi cance, according to the permutation test. The confi dence intervals obtained from bootstrap resampling were rather narrow and consistent with the other estimation methods, while several h 2 estimates were higher than 1. Standard error was 0.29 for all traits because this depends only on the variance of relatedness and sampling size. This value is slightly lower than those estimated from ANOVA as indicated.
In spite of the differences in h 2 estimates among the three methods, there was consistency in the ranking of estimates obtained from the different methods ( Fig. 2 ) . To test this trend, we performed Spearman rank correlation tests that showed a highly signifi cant correlation of marker based h 2 estimates with both ANOVA (rho = 0.615, P = 0.028) and regression (rho = 0.857, P = 0.0002) methods. A linear regression analysis comparing regression and ANOVA h 2 estimates ( Fig. 2 ) indicated that when relatedness was assigned from family records, 88% of the variance could be explained by the regression ( P = 0), and the slope was b = 0.91 (CI = 0.69 -1.13). When relatedness was estimated from molecular markers, 55% of the variance was explained by the regression ( P = 0.004), with slope b = 0.68 (CI = 0.28 -1.10). Although the accuracy of marker-based h 2 estimate is lower than that obtained from pedigree-based relatedness, the confi dence intervals overlap, and in both cases they include the expected slope value of b =1. and genetic variances. In fact, for marker-based estimations, genetic correlation r A12 (see Materials and Methods) is defi ned as the ratio between genetic covariance and the geometric mean between genetic variances of each trait. In this expression, the denominator (square root of ν A1 × ν A2 ) is closer to the smallest value between ν A1 and ν A2. Consequently, the smaller the denominator, the higher the r A12 estimated. This study should be considered as a preliminary approach given the fact that some assumptions inherent to this markerbased method might not have been entirely fulfi lled. First, there was a homozygote excess for four of the six microsatellite loci under study. This could be partially explained by the presence of null alleles in the corresponding loci. However, this hypothesis cannot be fully tested with this pedigree, given that pollinators are unknown. Furthermore, gametic phase equilibrium could not be assumed for all the loci combinations. Finally, the absence of genetic mapping resources for this pedigree and the set of traits under study did not allow inferences to be made on the eventual linkage between markers and quantitative traits.
According to Ritland (1996b) , 2 -10 loci, each with 10 alleles, would be needed for adequate estimation of pairwise relatedness. In our case, the number of alleles fell below the desired threshold of 10, with 3 -7 alleles per locus (if null alleles are not considered). Concerning the number of loci, though still insuffi cient, it was within previous recommendations. Undoubtedly, a larger number of highly polymorphic markers would be The suitability of marker-based method to estimate heritability in a forest species has been tested for wood density in radiata pine by Kumar and Richardson (2005) . Our paper evaluates this methodology and compares the results of heritability estimates by Ritland ' s (1996b) methods using many quantitative traits in a natural provenance of P. alba . This study involves the only available experimental stand with known pedigree and potential source of breeding material of P. alba . The most relevant result of this study was the general consistency between classical estimates of heritability and those obtained from molecular measures. All signifi cant estimates obtained from the latter method, corresponding to leaf morphology traits, also yielded signifi cant estimates under the other two alternative classical methods. No negative estimates under Ritland ' s method were found to be signifi cant. However, biomass traits like height and diameter yielded nonsignifi cant estimates under the new method. Although classical methods revealed signifi cant genetic variability for these traits, they are known to have low to intermediate heritabilities for an ample range of forest species ( Rweyongeza et al., 2005 ; Zas and Fern á ndez-L ó pez, 2005) .
The estimates of genetic correlations between traits obtained from family information and marker-inferred relatedness indicated that the second method produces an upward bias, with higher estimates of correlations wherever they can be estimated. The possible cause of this overestimation of genetic correlations may be attributed to the underestimation of heritabilities Notes: F = MSb/MSw, where MSb = between-family mean square, MSw = within-family mean square;* 0.01 ≤ P < 0.05; ** 0.001 ≤ P < 0.01; *** P < 0.001 Table 4 . Genealogy-and marker-based heritability estimates for Prosopis alba . Confi dence intervals (95%) are indicated in parentheses. Notes: + 0.05 ≤ P < 0.10; * 0.01 ≤ P < 0.05; ** P < 0.01. Methods for signifi cance and confi dence interval estimation described in the text.
underestimation (rather than overestimation) of h 2 because similarities between related individuals alleged to different families would be attributed to nongenetic causes. In the case of marker-inferred relatedness, none of these issues would affect the estimates of h 2 because no prior assumptions of relatedness were made. There might be a third cause for an upward bias that would affect both marker-based and pedigree-based h 2 estimates: the occurrence of geographical association within fraternal groups. When the experimental orchard was planted, a randomized complete block design had been applied ( Felker et al., 2001 ) . Each block comprised four contributions per family, planted together with 4 × 4 m spacing, thus sharing a common environment. Differences in environmental factors between family sets could have been somehow exacerbated in the current experimental layout because several blocks and families were lost, with resulting gaps increasing environmental differences among the surviving family sets. Because of that, low but highly signifi cant correlation occurred between relatedness and geographical distances demonstrated by Mantel tests ( r = − 0.10, P = 0 and r = − 0.08, P = 0.001, respectively, for genealogical or marker inferred relatedness, with 1000 permutations). Therefore, if relatives shared environments, some of the phenotypic resemblance between them could have been caused by common growing conditions. It should be noted, however, that in natural conditions this situation would be rare for outbreeding species, and relatives may not be found in such compact clusters. In that sense, the microsatellite analysis needed for marker-based inferences could serve as well to visualize the spatial distribution of relatives in the population under study and, therefore, indicate desirable, making this study a fi rst attempt to validate this in situ inference methodology.
As a general feature, heritability estimates obtained from marker-based estimated relatedness were lower than those obtained form genealogical data. Ritland (1996b) has already pointed out the risk of underestimation due to larger than expected sampling variation of molecular relationships as the regression variable. The author corrects this bias, at least partially, by using the actual variance of relatedness, which gives lessbiased estimates of the population variance for relatedness. In our case, the actual variance of relatedness estimated from molecular markers was similar to the sampling variance of relatedness based on family information (0.002), but there might be other reasons behind the difference between marker-based and pedigree-based h 2 estimates.
Biased heritability estimates may be attributed to sampling sizes. Small number of families and individuals may result in increased estimate errors. However, it is not expected that this effect will produce the same bias for all analyzed traits as seems to be the case for ANOVA estimates, which in most cases produced h 2 estimates higher than one. Moreover, confi dence intervals and standard errors for h 2 are acceptable and are quite similar for ANOVA and marker-based estimates.
A second factor is connected to the assumed relatedness between family members. As crosses are not controlled, pedigreebased h 2 estimates may be upwardly biased as a consequence of the presence of full sibs and selfs within fraternal groups. As stated, selfi ng was already detected at least in one natural population of this species ( Bessega et al ., 2000 ) and is as high as 28%. Moreover, in the present paper, we detected homozygote excess (positive and signifi cant F IS ) in four of six microsatellite loci, which may be at least partially explained by inbreeding. An additional error source in the traditional approach is the assumption that individuals from different families are unrelated (i.e., r = 0). However, the consequence would have been an 
